Abstract-Location tracking operations in a personal communications services (PCS's) network are expensive. Several strategies have been proposed to reduce the location update cost. This paper studies a special case of a location tracking algorithm called the alternative location algorithm. This special case is referred to as the two location algorithm (TLA). An analytical model is proposed to compare the performance of TLA and the IS-41 protocol. Our study indicates that the performance of TLA is significantly affected by the user moving patterns and the call traffic. If the user mobility is higher than the call frequency or the user tends to move back to the previously visited registration areas, then TLA may significantly outperform IS-41. We also observe that the variance of the portable residence times in registration areas has impact on the performance of TLA (i.e., better performance is expected for larger variance).
I. INTRODUCTION
I N a personal communications services (PCS's) system, the location of a called portable must be determined before the connection can be established. Due to the mobility of portables, a database called home location register (HLR) is required to store the location of a portable. The location record is modified when the portable moves to another location. A procedure to locate a portable is specified in IS-41 [1] . This procedure is referred to as the basic find operation in this paper. In IS-41, call termination consist of two parts. In the first part, the basic find operation is performed. In the second part, the trunk is set up for the conversation. The basic find operation is described below. We assume that the calling party is a wireline user.
Step 1) The incoming call to a portable is initiated at a switch called the originating switch.
Step 2) The originating switch queries the HLR for the portable's current location.
Step 3) The HLR queries the visitor location register (VLR) where was last registered.
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MSC returns a routable address Temporary Local Directory Number (TLDN) to the VLR. The VLR sends the TLDN back to the HLR.
Step 5) The HLR forwards the TLDN to the originating switch. After the originating switch has received the TLDN, it routes the call to the MSC where is located.
We assume that every VLR serves a registration area (RA) which consists of one or more radio port coverage areas. When a portable moves from one RA to another, it registers at the VLR of the new RA, and its new location is reported to the HLR. This action is referred to as the registration operation. The registration operation may be followed by a deregistration (or cancellation) operation to remove the obsolete record in the old VLR. (This is referred to as explicit deregistration [2] .) In IS-41, HLR sends a deregistration message to the old VLR. In [3] , the deregistration message is sent directly from the new VLR to the old VLR. The deregistration operation may not be performed immediately after a registration operation. In timeout deregistration, the obsolete entries are cancelled periodically [2] . In implicit deregistration, no deregistration operation is performed. An old VLR record is replaced to accommodate a newly arrived portable when the resource such as TLDN is used up [2] , [4] . The advantage of implicit deregistration is that no deregistration message is required to cancel an obsolete record. To simplify our analysis, implicit deregistration is assumed in this study.
Studies [5] - [7] indicated that the message traffic due to the find and registration operations is significant. When the frequency of the incoming calls is high with respect to the portable mobility (i.e., the rate that a portable moves to new RA's), the location cache scheme [8] , [9] was proposed to reduce the traffic (i.e., to reduce the number of the find operations). When the call frequency is low with respect to the mobility, the number of the registration operations increases which significantly degrades the performance of the location cache scheme. Several algorithms such as the pointer forwarding algorithm [3] , [7] and the alternative location algorithm (ALA) [10] - [12] have been proposed to reduce the registration cost.
This paper studies a special case of ALA called the two location algorithm (TLA). In TLA, we consider two locations to track the location of a portable. On the other hand, ALA allows more than two user locations in the profile. The performance of ALA has been studied in [10] - [12] . These studies focused on the cost analysis for the paging operations in call termination, and provided the mean analysis of the user mobility. This paper analyzes the SS7 traffic cost of registration and call delivery for a basic scheme based on IS-41 and the TLA. We also consider the impact of the portable movement distributions, which provides important insight to complement the performance studies in [10] - [12] .
TLA and ALA can be integrated with the cache scheme to further reduce the location update/tracking costs for all incoming call frequencies and mobility patterns.
II. THE TWO LOCATION ALGORITHM
In the TLA, a portable has a small built-in memory to store the addresses for the two most recently visited RA's. The record of in the HLR also has an extra field to store the corresponding two locations. The first memory location (see Fig. 1 ) stores the most recently visited RA. The algorithm guarantees that the portable is in one of the two locations. Fig. 1 illustrates a sequence of 's movements . When joins the network, the location is stored in its memory, and a registration operation is required to modify the HLR record as shown in Fig. 1(a) . When moves to a new location, it checks if the new location is in the memory. If the new location is not found, the address for the RA just left is kept, and the other address is replaced by the address for the new RA [see Fig. 1 (b) and 1(c)]. A registration operation is required to make the same modification in the HLR record. If the address for the new location is already in the memory, no action is taken in the HLR record. In other words, no registration operation is performed [see Fig. 1(d) ; moves back to the previously visited registration area ]. Note that in TLA, the portable always has the correct view of the "latest visited RA." On the other hand, the HLR may have an "incorrect view." In Fig. 1 When a phone call arrives, the two addresses are used to find the actual location of the portable. The order of the addresses selected to locate the portable affects the performance of the algorithm. If the portable is located in the first try (this is referred to as location hit), then the find cost for TLA is the same as the IS-41 algorithm. Otherwise, extra penalty incurs in TLA to locate the portable for the second try (this is referred to as location miss; note that the second try is always successful). After the second try, the HLR identifies the RA where the portable is visiting.
There are several alternatives to select the address for the first try. An obvious heuristic is to select the location randomly. Another heuristic is the latest-RA-first strategy where the latest visited RA address (in the HLR's view) is selected. We have observed that the latest-RA-first strategy is better than the random selection algorithm in all cases studied in this paper. We only present the results for the latest-RA-first strategy.
III. MOVEMENTS BETWEEN TWO PHONE CALLS
This section studies the patterns of the incoming calls and the portable movement. We derive the probability that a portable moves across RA's between two phone calls. Assume that the incoming calls to a portable are a Poisson process, and the time the portable resides in an RA has a general distribution. We show that for a portable, different moving patterns result in different distributions. Consider the timing diagram in Fig. 2 . Let be the interval between two consecutive phone calls to a portable . Suppose that the portable resides in an RA when the previous phone call arrived. After the phone call, visits another RA's, and resides in the th RA for a period ( ). Let be the interval between the arrival of the previous phone call and the time when moves out of . Let be the interval between when the portable enters and when the next phone call arrives. Let be independent identically distributed random variables with a general distribution , the density function and the Laplace-Stieltjes Transform
Note that it is possible that the next phone call arrives while the previous call is still in progress. The phenomenon is called busy line effect. In this case, the portable cannot initiate/accept the next call and the assumption of Poisson process for calls is no longer valid. The busy line effect was studied in [13] . To simplify and strengthen our results, we assume that the busy line effect is insignificant. This assumption is justified when the inter-call arrival times are more than 10 times longer than the call holding times. Let and be the density function of and , respectively. Let and . Since the incoming phone calls are a Poisson process, we have From the memoryless property of the exponential distribution, have the same exponential distributions as for all . Also from the random observer property [14] , [15] (2) (the detailed derivation can be found in [15, pp. 67-69] , and is referred to as the excess life theorem). The Laplace-Stieltjes Transform for the distribution is
The probability that moves across RA's between two phone calls is derived in two cases. For (4) where is the call-to-mobility ratio defined in [8] .
For (5) , , and are derived as follows: (6) From (6), (7) From (4), (8) From (4)- (8), we have (9) We assume that the portable residence times have a Gamma distribution. Most studies use the exponential distribution for its simplicity. Exponential is a special case of Gamma. In this paper, the Gamma distribution is selected for three reasons. Firstly, the Gamma distribution does not have a specific distribution shape, and it has the desirable property to fit an arbitrary distribution by setting appropriate parameters [16] . Secondly, the Gamma distribution has a simple Laplace-Stieltjes Transform format which simplifies the calculation of (9). Thirdly, with Gamma, the impact of variance of the residence times can be conveniently studied. With mean and variance , the Laplace-Stieltjes Transform of a Gamma random variable is expressed as 
IV. PERFORMANCE OF THE LOCATION UPDATE STRATEGIES
This section studies the performance for TLA and IS-41. We first estimate the costs of the find and the registration operations, then derive the number of operations performed in the two algorithms.
For a particular PCS system, economic analysis is required to estimate the costs for the find/registration operations. For the demonstration purpose, we give a simple cost analysis as follows.
The basic find operation consists of two parts. The first part includes the interactions between the originating switch and the HLR [Steps 1), 2), and 5) in the find operation; see Fig. 4(a) ]. We assume that the PCS messages are sent through the signaling system no. 7 (SS7) network in the public switched telephone network (PSTN). (A tutorial for PCS signaling using SS7 can be found in [17] .) Upon the receipt of the dialed number (the mobile identification number (MIN) of the portable), the originating switch is not capable of associating this number with the physical address of the HLR. Instead, it forward the message to a signal transfer point (STP). The STP uses a table lookup technique called global title translation (GTT) to identify the HLR address. Then the message is forwarded from the STP to the HLR. (GTT is needed because nongeographic numbering is assumed [1] , [18] .) Note that several SS7 network elements may be visited before the STP and the HLR are reached. The second part includes the interactions between the HLR, the VLR, the MSC, and the portable [Steps 3) and 4) in the find operation; see Fig. 4(a) ]. For systems such as PACS [2] , in the second part of the find operation the MSC pages the portable to make sure that the portable is in its area before the VLR sends the TLDN to the HLR. The design of the PACS alerting protocol allows a large paging capacity with low cost (the alerting capacity of PACS [19] is ten times larger than DECT [20] and 1000 times larger than CT2 [21] , [22] ). Note that for other systems such as AMPS [23] , the paging cost is high and the portable is not paged during the VLR query. The portable is paged during trunk setup.
Note that the global title translation (and visits to several extra STP's) is performed in Part 1 but is not performed in Part 2, and the paging operation performed in Part 2 is not performed in Part 1. Without loss of generality, we normalize the cost of the basic find operation to one. We assume that the cost for Part 1 is , where . For systems with low paging cost such as PACS, a large (e.g., ) is appropriate. For systems with high paging cost such as AMPS, a low (e.g., ) is expected. (A detailed paging cost analysis can be found in [10] - [12] .)
In TLA, if the HLR selects the right location at the first time (a location hit), then the TLA find operation is exactly the same as the basic find operation. If the first try fails (a location miss), then the HLR tries the second location [see Steps 3a, 3b, 3, and 4 in Fig. 4(b) ]. The extra cost (for Steps 3a and 3b) is the same as the cost for Part 2 of the basic find operation. Fig. 4(c) illustrates the registration operation. Similar to Part 1 of the basic find operation, a global title translation is required to access the HLR. Also, a deregistration operation is required to delete the obsolete record in the old VLR. To simplify our analysis, we assume that the cost for registration is the same as the cost for Part 1 of the basic find operation (without considering the authentication procedure [6] ).
Based on our simple cost analysis we have the following estimation.
1) The cost for the basic find and the TLA find (location hit) operations are one. 2) The cost for the registration is where . 3) The cost for the TLA find (location miss) operation is . The numbers of operations for TLA and IS-41 are derived as follows. Suppose that the portable moves across RA's between two phone calls. Let be the number of registration operations performed among the moves. From (9), the cost for the IS-41 algorithm is -and the cost is -
Consider TLA. Suppose that the portable moves across RA's between two phone calls. The conditional probability that registration operations are performed among the moves has a Bernoulli distribution:
where is the probability that when a portable moves, the new RA address is in the portable memory [i.e., the probability that Fig. 1(d) occurs] . Since there are only two addresses stored in a portable, is the probability that moves back 
For TLA, the number is derived in the Appendix. The probability that the HLR has a location miss in a call termination is given in (21) The number and the cost for TLA is and
Define as the net cost of registration and find operations performed between two phone calls, then from (10)-(13) we have - (14) Figs. 5 and 6 plot -and . These figures indicate that when the call-to-mobility ratio is small, TLA outperforms IS-41 even if the user movement exhibits low locality ( is small) and the registration cost is low. For example, when , , and , TLA reduces 16% of the cost over IS-41 [see Fig. 5(a) ]. When the user movement exhibits high locality ( ), TLA significantly outperforms IS-41 when is small. The improvements of TLA over IS-41 are 31% to 50% [for a low registration cost ; see Fig. 5(b) ], 51% to 58% [for a moderate registration cost ; see Fig. 6(a) ], and 65% to 67% [for a large registration cost ; see Fig. 6(b) ].
When is large, the performance of TLA is significantly affected by the portable's RA residence time distribution (specifically, the variance of the Gamma distribution). For a reasonable large variance (e.g., ), TLA outperforms IS-41 for the ranges of all input parameters considered in our study (when is large, 5% to 20% improvements are observed in Figs. 5 and 6 ). On the other hand, IS-41 outperforms TLA when and are small, and is large (see Fig. 5 ). From (21), it is not difficult to see that is a decreasing function of . Consider the cases when and :
From (13), also is a decreasing function of and the performance of TLA degrades as the variance of the When is small, in (13) has more effect on the cost , and IS-41 has a better chance to outperform TLA when is small. Fig. 7 indicates that -is either an increasing functions of [see Fig. 7(a) ] or a convex function [see the curve for in Fig. 7(b) ], -, the value will approach to one). From (21) , is a decreasing function of , and
That is, for all and values, TLA is the same as IS-41 when is large (i.e., -in Fig. 7 ). In this case, there are many call terminations between two portable movements. For these call terminations the HLR always has location hits (except for the first one that may or may not have a location miss), the basic find operation is performed in TLA.
When , we have 
That is, for all values and all , TLA is much better than IS-41 when is small. In this case, the portables move without receiving any phone call. It is clear that the move cost for TLA is always cheaper than IS-41 if . When , -That is, if a portable never moves back to the previously visited RA, then TLA behaves exactly the same as IS-41 does.
Our analysis indicated that TLA may underperform IS-41 when the variance of the RA residence times is small. In this case, it is desirable to disable TLA when the cost of the TLA is higher than IS-41. Heuristics similar to the ones proposed in [8] and [9] can be used to dynamically disable/enable TLA.
V. CONCLUSION
This paper studied the performance of a PCS location tracking strategy called the TLA. TLA is a variation (and a special case) of the alternative location algorithm proposed in [10] . We studied how the incoming call rate, the portable mobility, and the portable locality affect the performance of TLA. Our study indicated that TLA significantly outperforms IS-41 when the call-to-mobility ratio is low (i.e., the user moves more frequently than to receive calls) or when the registration cost is large. We also showed that the variance of the portable residence times (in registration areas) may affect the performance of TLA when the registration cost is low. The performance of TLA degrades when is small.
TLA can be easily implemented by modifying the existing IS-41 based systems. The modifications are done in two places. Firstly, one more field should be added to the portable location record in the HLR to hold the address of the second portable location. A few lines of code are added to the HLR registration/call delivery procedures to exercise TLA. The HLR modifications can be easily done by using the user friendly tools with graphical inputs such as ISCP SPACE System [24] . Secondly, a few lines of code should be added to the micro kernel of the protable to exercise TLA. Note that we may need to slightly modify the SS7 TCAP message format, but no hardware modifications are necessary.
Our future research directions include modeling the general alternative location strategy by combining our model and the models proposed in [10] - [12] , and comparing TLA with the pointer forwarding scheme [3] . Also, it is possible that IS-41 may outperform TLA in certain conditions. We are developing an adaptive mechanism (similar to the one described in [8] ) to dynamically switch between IS-41 and TLA based on the user mobility.
APPENDIX DERIVATION FOR
We first consider the probability that the HLR has the correct view of the latest visited RA when a call arrives (i.e., a location hit occurs and the find cost for TLA is the same as IS-41).
If the HLR has the correct view of the current RA of the portable when a call arrives, one of the following situations holds.
1) Case I:
The portable has not moved since the last call arrival [see Fig. 8(a) ]. After a call termination, the HLR always identifies the current RA of the portable. Thus, location hit occurs when the second call arrives. The probability of Case I is (18) 2) Case II: Suppose that the portable visits RA's between two phone calls and registration operations are performed during some of the moves. If the HLR has the correct view of the latest RA at the next call arrivals, then during the moves, the last registration operation performed in TLA is followed by even number of portable movements (and no registration operations are performed in these movements) as shown in Fig. 8(b) . Note that at time in Fig. 8(b) , the HLR's view of the current RA is the same as the portable (which is ). After four moves (without any registration), the portable moves back to , and the HLR's view for the latest visited RA is correct. Let be the probability of Case II, and be the conditional probability of Case II when the portable makes moves between two phone calls. Since the probability of a move with registration is ( ) and the probability of a move without registration is , we have for Note that for . The probability is (19) 3) Case III: Suppose that the portable visits RA's between two phone calls and no registration operation is performed during the moves. If the HLR has the correct view of the latest visited RA at the next call arrival, then must be an even number as shown in Fig. 8(c) . In this figure, the HLR has the correct view of the latest visited RA (which is ) immediately after the previous call termination. After four moves without registration, the portable moves back to when the next call arrives. The probability of Case III is (20) From (18) to (20) , the probability that the HLR has a location miss in a call delivery is (21) 
